Arid savannas are regarded as one of the ecosystems most likely to be affected by climate change. In these dry conditions, even top predators like raptors are affected by water availability and precipitation. However, few research initiatives have addressed the question of how climate change will affect population dynamics and extinction risk of particular species in arid ecosystems. Here, we use an individualoriented modeling approach to conduct experiments on the population dynamics of long lived raptors. We investigate the potential impact of precipitation variation caused by climate change on raptors in arid savanna using the tawny eagle (Aquila rapax) in the southern Kalahari as a case study.
persecution by farmers and migration (Moreau 1945 , Steyn 1965 , 1973 , 1983 , Brown and Cade 1972 , Hornby 1974 , Osborne 1982 , Brown 1984 , 1991 , Clark 1992 , Herholdt et al. 1996 . However, little is known about how breeding success and population dynamics interact with environmental fluctuation. In southern African arid savanna, precipitation is often the most important environmental factor for species performance (Wiegand and Jeltsch 2000) and also impacts vegetation structure (Jeltsch et al. 1997a, b) as it determines primary production, which is the basis of the food web. Several studies have argued that breeding success may be correlated with current precipitation amounts even for top predators. However, only Hustler and Howells (1990) have been able to collect sufficient data to show that higher rainfall is correlated with higher breeding success of raptors.
A number of recent studies have investigated the influence of weather fluctuations, especially rainfall, on various demographic parameters for a range of different animal species. They have found that rainfall patterns can affect abundance (birds: Bridges et al. 2001) , survival rates (Australian passerines: McCleery et al. 1998) , egg laying date (UK breeding birds: Crick and Sparks 1999) , clutch size and breeding success (arid zone birds: Howells 1990, Lloyd 1999) , growth rates (moose calves : Ball 2001) , fitness and reproductive activity (rodents: Madens and Shine 2001) , as well as behavior (wolves: Post et al. 1999) . However, all of these studies are based on data observed under prevailing precipitation patterns and do not explicitly consider the effects of long term climate change.
The phenomenon called ''climate change'' generally refers to impacts of anthropogenic factors on the global climate (IPCC 2001b , O'Neill et al. 2001 ). On a global scale, a rise in surface temperature, along with changing precipitation patterns and other secondary effects are expected, but on a regional scale these effects can be very different (IPCC 2001a, b) . Under climate change, precipitation is projected to increase on a global scale, but will decrease in some regions (IPCC 2001a) . Whereas most studies have focused on the effects of changes in average values, Katz and Brown (1992) emphasized the importance of changes in the variability and frequency of extreme events. For example, Matyasvszky et al. (1993) found increasing variability in precipitation when they simulated climate change for a dry continental climate. This implies that we have to take into account not only mean values but also (inter-annual) variation and the frequency of extreme events, as well as regional specifics, when studying the effects of climate change on ecosystems and particular species.
Unfortunately, little progress has been made in investigating the explicit effects of climate change on specific animal populations, although the importance of climate change for the survival of populations and species has been recognized since one of the first meetings concerned about the ''consequences of the greenhouse effect for biological diversity '' in 1988 '' in (Roberts 1988 . In their recent opinion paper Hannah et al. (2002) complain about the ''present static conservation paradigm'' and emphasize the need to integrate knowledge on climate change into efforts of conserving species and biodiversity. However, we know only few examples that directly examine the effects of climate change on animal population dynamics (Post et al. 1999 , Moss et al. 2001 , Coulson et al. 2001 . This might be due to the same factors impacting studies on long-lived species: constraints of time and money limiting the ability to conduct investigations over a sufficiently long time period.
In this study we investigate the effects of modifications in precipitation patterns on population persistence of a long-lived raptor. Using the tawny eagle (Aquila rapax Temminck) as an example, we develop a model of the population dynamics of this species in the southern Kalahari arid savanna based on current knowledge (see Table 1 for references) including the data collected by Hustler and Howells (1986 , 1989 , 1990 . With this model, we conduct experiments simulating climate change driven modifications in southern African precipitation patterns according to the current knowledge of how climate change will occur. We compare our experimental results for these modified conditions using population persistence as a currency. We do not intend to provide an exact extinction probability for the southern Kalahari tawny eagle population. The aim of this study, instead, is to develop a general understanding of the qualitative and quantitative impact of climate change driven modifications in precipitation on the population persistence of raptors in arid savanna.
We address the following three questions: 1) will the raptor populations in arid savanna be affected by climate change driven modifications in precipitation scenarios? And if so, 2) what is the qualitative and quantitative impact of the various modifications in precipitation pattern that are assumed under climate change (such as changes in annual mean value, interannual variation and frequency of extreme events)? And finally 3) when summarizing these effects, should we -according to current knowledge on climate change -expect an increase or a decrease in population persistence of tawny eagles and other raptors in the Kalahari arid savanna?
Subject of the study, study area and methods
Subject of the study
The tawny eagle (Aquila rapax Temminck), sometimes OIKOS 102:1 (2003) considered a race of the steppe eagle (Aquila nipalensis Hodgson; Clark 1992) occurs in the arid to mesic savannas of Africa, including the Sahara Desert, Mediterranean North Africa and Arabia. Tawny eagles are common in the savannas of southern Africa, with densities ranging from about one pair/150 km 2 in Kalahari arid savanna, to a density of about one pair/40 km 2 in mesic savanna in the Kruger National Park, South Africa (Kemp et al. 2001) . The tawny eagle feeds on a wide range of food items and has been appropriately described by Steyn (1983) as ''… a scavenger, a pirate and a rapacious killer…''.
Tawny eagle pairs usually lay two eggs in May or June and mostly the female incubates the eggs for about six weeks. Due to infertility or sibling aggression in most cases only one chick is reared over a fledging period of 12 weeks, followed by a post-fledging period of about six weeks during which the adults feed the juvenile before becoming independent at about 18 weeks (Brown et al. 1982) . Many studies have investigated breeding performance but due to low individual numbers of tawny eagles the sample size is often small (Steyn 1980 , Brown 1991 , Herholdt et al. 1996 , but see Hustler and Howells 1986) . About 75% of all juveniles die before they reach maturity in their third to fourth year (Newton 1979 , Steyn 1983 , but thereafter have an average life expectancy of 16 years (Brown et al. 1982) . The breeding success of tawny eagles is positively correlated with annual rainfall via primary production and prey population dynamics Howells 1989, 1990) .
Study area
Our model focuses on the population dynamics of tawny eagles in the arid savannas of southern Africa, which includes western Zimbabwe and the southern Kalahari. All arid savannas are open woodlands with scattered large trees, interspersed with grassland and a rather poorly developed shrub layer. Rainfall is generally erratic, with high coefficients of variation, over the region in which arid savanna occurs, and varies from about 200 mm mean annual rainfall in the southwest to \500 mm in the east and north. ''Arid savanna'' encompasses a number of vegetation sub-types differentiated by species composition, dominant tree species, tree spacing and average vegetation height, as well as soil types and underlying geology but does never shade off into pure wood-or grassland (Scholes and Walker 1993 , Low and Rebelo 1996 . The default parameter set for our model refers to the area of the ''Kgalagadi Transfrontier Park'' situated in the arid savanna at the north-western tip of the Republic of South Africa and south eastern Botswana.
Model description
We developed an individual-oriented, stochastic simulation model of tawny eagle population dynamics, named AQUIQUA (Aquila needs aqua; expressing the dependence on precipitation, compare below). This model is based on the population dynamics of the tawny eagle in the arid savanna of the southern Kalahari. Parameters of the model are adjusted to results of field studies on the biology and life history of this species (Steyn 1973 , 1983 , Osborne 1982 , Hustler and Howells 1986 , 1989 , 1990 , Herholdt et al. 1996 , on species with similar life history traits (Brown and Cade 1972 , Weimerskirch et al. 1987 , Weimerskirch 1992 , Harris et al. 1994 , Newton and Rothery 1997 and on general findings Amadon 1968, Newton 1979) . For an overview of all model parameters see Table 1 . The model was written in C++ and simulations were conducted on a common personal computer. Fig. 1 shows the AQUIQUA flow chart and Table 1 gives values and references for the model parameters. AQUIQUA is simulating tawny eagle population dynamics in yearly time steps. During each simulation year the main processes like mating, breeding, reproduction (i.e. successfully breeding), aging and mortality are modeled for each individual. The model is initialized with 180 individuals of tawny eagles, a number that is supported by a carrying capacity of 50 territories according to observations in the southern Kalahari (Herholdt et al. 1996) . The age distribution of the initial population equals the stable age structure given survival and fecundity rates. During the mating process unmated mature eagles are paired. This continues as long as individuals of the opposite sex remain single. Only paired individuals take part in the breeding process. Here, with a probability according to the percentage of breeding pairs out of all pairs found in the field, for every single pair a decision is made whether they start to breed or not. The pairs that start to breed, limited by the available number of territories, take part in the reproduction process. Here, with a probability according to the precipitation amount of the current year, for every single pair a decision is made whether breeding is successful or not. Successful breeding pairs have a probability of 0.01 to produce two offspring instead of only one, whereas unsuccessful breeding pairs produce no offspring at all. Juveniles are added to the population with an age of zero years and with undetermined sex. During the aging and mortality process age is incremented by one year for all individuals. Individuals at the end of their third year have a 50 percent chance to reach maturity, and all others reach maturity at the end of the fourth year. Once maturity is reached the sex of the individual is determined with an equal chance of 50 percent for being male or female. If an individual exceeds the maximum age it dies. For all other individuals age specific survival rates apply as a (Fig. 1) .
Indi6idual-oriented model
AQUIQUA is an individual-oriented model in the sense of Uchmanski and Grimm (1996) . Thus, the model tracks every single virtual tawny eagle from the moment it is hatched until it dies. At any given time we know the exact age of any individual, the number of fledglings it has produced up to now, its mate, its current breeding status, as well as the chance to survive the current year. All relevant events during an individual's life are recorded by the model. However, individuals do not differ in their behavior, i.e. when facing the same conditions one individual is as likely to breed or to die as the other.
Stochasticity
AQUIQUA is a stochastic model. Stochasticity is regarded as an important factor influencing modeling results (Shaffer 1981, Ripa and Lundberg 1996) . AQUI-QUA includes demographic, as well as environmental stochasticity.
Demographic stochasticity
Demographic stochasticity is the variation of demographic parameters on the level of individuals (e.g. individual survival) around the population average (e.g. survival rate). Thus, demographic stochasticity in the model is realized by interpreting ratios (i.e. the average of the population or of a population's fraction) as probabilities, i.e. for each individual the model is ''rolling the dice''. A new random number is drawn for every individual decision from a uniform distribution in the interval (0; 1) and is compared with the rate (e.g. survival rate). Only if the random number is smaller than the rate the individual performs the process (e.g. surviving the current year).
En6ironmental stochasticity: rain and breeding success
Recent investigations emphasized the importance of environmental stochasticity (i.e. environmental noise) and its fluctuations (Halley 1996 , Ripa and Lundberg 1996 , Johst and Wissel 1997 , Cuddington and Yodzis 1999 . Lande (1993) considers environmental noise as posing an even greater extinction risk than the demographic noise. Environmental noise is included in the model by using various precipitation scenarios.
A southern African rain model by Zucchini et al. (1992) was used to produce more than 60,000 different statistically realistic rain scenarios for the southern Kalahari. This model is based on Southern African rain records during the past century and does not consider any climatic change. Rain scenarios differed in data stochastically but were constant in descriptive features like mean annual precipitation, inter-annual variation and auto-correlation. We systematically modified these features for our experiments as described later in this section.
Environmental noise was realized in the model by including a precipitation/breeding success relationship providing a link from environmental noise to population dynamics (Hustler and Howells 1990 , see also Bahat and Mendelssohn 1996) . However, as this relationship was not found in our study area but in north eastern Botswana we focused on a better understanding of the temporal and spatial differences in raptor's breeding performance. Food supply is not only limited by precipitation, but also by territory size (i.e. inter nest distance ind) as larger territories receive more total precipitation (i.e. volume of water) and supply more primary production than smaller territories. In contrast, foraging in larger territories is at higher costs, i.e. less efficient. Here, we emphasize a close connection of all three parameters, i.e. breeding success should be regarded with respect to territory size and precipitation amount.Regarding territories as circular areas with a diameter ind, we first calculate the total volume of water falling on a territory per year (in m 3 /year): RD= p ×p/4×(ind) 2 . Parameters are the precipitation p in meter (!), the inter nest distance ind in meter and p is approximately 3.1416. Second, we take into account the lower efficiency of larger territories (see above) and most pragmatic we simply divide RD by ind using the result as a measure of territory quality. As a result we found a linear relationship between breeding success BS and RD/ind (n=4, R 2 =0.989) using data from Steyn (1973 Steyn ( , 1980 , Hustler and Howells (1990) , and Herholdt et al. (1996) . This relationship is used in the model to calculate breeding success according to precipitation. The breeding success rate BS is subject to environmental stochasticity and is given by
(Note: individual breeding success underlies demographic stochasticity fluctuating around BS.) The inter nest distance ind remained constant at 17,600 m (Herholdt et al. 1996) . We did not include any time delay for the impact of precipitation on breeding success, as there is no indication for it and a time delay should not change our results but only shift them. The within year time delay of a few months is redundant as the time step in our model is one year.
Output parameters
Mean time to extinction (T m ) When modelling dynamics of populations of conservation interest, the focus is often on extinction risk and population persistence (Burgman et al. 1993) . A useful metric in this context is the mean time to extinction (T m ) as it provides a currency for comparing population persistence among different populations or climate scenarios. T m is the time span that populations simulated in the model survive on average. The term ''mean time to extinction'' might be misleading as it implies the population really goes extinct, which does not have to be the case for the population in nature. However, high T m values indicate high population persistence and low extinction risk due to favorable conditions, whereas low T m values indicate low population persistence, high extinction risk and unfavorable conditions. Measuring population dynamics and comparing it under different conditions -such as various precipitation scenariosenables us to estimate the relative impact of these conditions on population persistence (Wissel et al. 1994 , Stelter et al. 1997 ).
We define the term ''T m computation'' as the process of calculating T m . During one T m computation we conducted 5,000 ''replicate runs'', i.e. simulation runs with the same parameter set. However, among replicate runs we allowed demographic (and environmental) stochasticity what caused variations in extinction times. The average extinction time of replicate runs yields T m . We methodologically follow Stelter et al. (1997) to avoid ''infinite'' population runs by populations that do not become extinct.
Probability of a sparse population
In addition to T m we measured the relative time that a population persisted below a threshold of 30% of its carrying capacity, i.e. when less than 30% of the available territories were occupied. This parameter contains further information about population stability, i.e. whether populations take the full advantage of habitat's carrying capacity and fluctuate around it or whether population dynamics are too weak to do so. We will refer to this parameter as the probability for reaching the state of a sparse population.
Sensitivity analysis
Demographic parameters Sensitivity analysis of demographic parameters was conducted according to Burgman et al. (1993) . Based on field data we created a default parameter set for the AQUIQUA model (Table 1) . Then we modified each parameter in succession while keeping all other parameters constant. Thus, the sensitivity of each parameter was investigated separately and T m was
SI=
DT m /T m DP/P OIKOS 102:1 (2003) where SI is the sensitivity of the parameter P, T m is the corresponding mean time to extinction and DT m and DP are the differences to the default. We modified the parameter by 10% of its default value and compared the resulting T m with those of the default parameter set. The sensitivity for each demographic parameter is given in Table 1 . The higher the absolute value of SI, the higher the sensitivity of this parameter. Unsigned values are positive and suggest a direct relationship between the parameter and T m , whereas values with negative signs (e.g. age of maturation) correspond to an inverse relationship, i.e. increasing the parameter value results in a decreased T m . Furthermore the quality of the parameter default is given in Table 1 . There are good data based on extensive field studies with large sample sizes ( + ), few data and/or data from related taxa ( −/+) or expert's estimations without data (−).
En6ironmental parameters
The amount of annual precipitation is the most important environmental parameter for raptors in the Kalahari arid savanna (see environmental noise: rain and breeding success) and was included in the AQUIQUA model. Environmental parameters have to be taken into account if they affect demographic parameters, as in this case precipitation affects primary production, population dynamics of prey species and finally raptor's breeding success (Hustler and Howells 1990) . When investigating model's sensitivity to the precipitation pattern, we performed two different tests. Note that we refer to the terms ''replicate runs'' and ''T m computation'' as defined under output parameters.
In a first experiment, the rainfall scenario was identical for all replicate runs within the same T m computation, but rain scenarios differed among T m computations. We repeated T m -computations 100 times for each of eleven different rain scenarios. This experiment reveals whether rain scenarios that differ stochastically produce significantly different extinction times for simulated populations. If the model is sensitive to stochastic variation in precipitation pattern we would expect significant differences in T m among various T m computations for different rain scenarios, but no significant differences among T m computations for the same rain scenario.
In a second experiment, rainfall scenarios differed among replicate runs of the same T m computation, i.e. they were chosen randomly out of an entire set of rain scenarios for each of the replicate runs. We provided the same set of stochastic different rain scenarios and repeated the T m -computations 100 times for each of eleven randomly differing sets of rain scenarios. We conducted this experiment to eliminate stochastic variation in data for rain pattern and thus, we expected no significant differences among T m for various T m -computations, not for the same set of rain scenarios nor among different sets.
Simulation experiments
Our aim was to investigate projected effects of climate change on the southern Kalahari raptor populations. As precipitation is the most important environmental parameter in arid areas, climate change driven modifications in precipitation pattern may cause severe effects in arid savanna. In contrast to most of the African continent, studies of climate change project a decline of precipitation by 10% by the year 2050 for southern Africa, including the Kalahari arid savanna (IPCC 2001a) . Some studies suggest that the inter-annual variation in precipitation amounts might increase, especially in arid areas but no quantitative projections for southern Africa are available. Furthermore, a shift in frequency distribution and duration of extreme events, such as severely dry or well above average wet years, must be considered. Here, as a global perspective, we might expect trends towards increasing rather than decreasing auto-correlation in data of climate related factors (Matyasvszky et al. 1993 , Katz and Brown 1994 , Hennessy et al. 1997 , Wigley et al. 1998 , Karl and Knight 1998 , Schulze 2000 , IPCC 2001b , van Jaarsveld and Chown 2001 , O'Neill et al. 2001 , Schiermeier 2001 .
For simulating these modifications in precipitation pattern within our model we modified Zucchini's rainfall scenarios in different ways, described below. We tested for modifications in all three features describing the precipitation pattern as mentioned above. We always tested for both, i.e. modifications as projected and in the opposite direction.
a) Annual mean
We simulated effects of decreased mean annual precipitation. Here, we decreased all data within a rain scenario by a constant value resulting in a decreased annual precipitation mean, while auto-correlation remained constant. Inter-annual variation (CV) changed only slightly but was nevertheless re-adjusted according to the method described in the next paragraph. In the same way we tested for increased precipitation amounts.
b) Inter-annual 6ariation (CV)
We changed the inter-annual variation of precipitation amounts (coefficient of variation = CV) by modifying the distance of each data point of the rain scenario to the precipitation mean. The distance was multiplied by a constant value k over the whole rain scenario and data values were changed accordingly. For k B 1.0, the resulting data were closer to the long term mean, and consequently CV decreased. For k \ 1.0, distances to the long term mean increased, data were scattered in a wider range around the mean, and inter-annual variation increased. Thus CV was changed but precipitation mean, as well as the auto-correlation, remained constant.
c) Auto-correlation (noise color)
We assumed that years of similar precipitation amounts tend to occur successively over time and we increased temporal auto-correlation in precipitation data. Autocorrelation (AC, also called ''noise color'') refers to the similarity among temporal successive rain data. A positive AC (''red noise'') refers to time spans of rather wet respectively dry conditions, whereas a negative AC (''blue noise'') expresses that a wet year is very likely followed by a dry year and vice versa. AC is close to zero (''white noise'') when the value of the successive data point is not predictable. We used a first order auto-regressive process to change auto-correlation of Zucchini's rain scenarios (compare Lundberg 1996, Cuddington and Yodzis 1999) : P t + 1 =P 0 + F t + 1 where P t is the precipitation at time point t, P 0 equals the long term precipitation mean and F t + 1 = h× F t + i ×m where h is the auto-correlation on a scale from − 1.0 to 1.0, m is a random number drawn from a normal distribution with unit variance and zero mean, i is a constant factor determining the amplitude of the fluctuation and thus yielding the CV in precipitation. F 0 equals zero. First, we produced an auto-correlated rain scenario completely independent of Zucchini's original scenario. Second, we re-arranged all values in Zucchini's rain scenario according to the order of values in the auto-correlated scenario allowing a variance of 2% assuring to find a suiting value in Zucchini's scenario. We did not change data values compared to the original rain scenario but re-arranged them in time. Consequently, the long term mean and CV of the various rain scenarios remained constant, whereas auto-correlation varied from − 0.9 to +0.9.
Periodically fluctuating rain scenarios
As an additional scenario we assumed that precipitation might fluctuate periodically over time. Once again, we re-arranged data over time and created environments fluctuating periodically in three different patterns (Fig. 3c -e) .
First, we sub-divided the whole time scale of rain scenarios in periods of equal length. Within each period we retained data values but re-arranged them as a saw tooth pattern, i.e. lowest value at beginning and end of the period, highest in the middle (i - Fig. 3c) and descending, i.e. highest value at the beginning of a period, lowest at the end (ii - Fig. 3d ). Second, we used the descending pattern and divided periods further into two parts, where the first part contained data above time series mean and the second part contained data below time series mean. Data within both parts were averaged and replaced by their mean value. As the averaging process affects the CV we hereafter modified the CV back to the original value using the same process as described above under b). To this third scenario we refer as ''cog-pattern'' (iii - Fig. 3e ).
For all three patterns of periodically fluctuating environment the lengths of periods were varied from 1 (equals no modification) to 400. The long term mean and CV remained constant compared to the original time series. AC however, is naturally affected by data re-arrangement and was close to zero at period length 1, slightly negative at period length 2 and then strongly increasing with increasing period length getting close to a maximum of AC =1.0.
Auto-correlation analyses
For some of our simulation experiments we modified the temporal auto-correlation in rain patterns directly (c) or as a side effect (d). We performed auto-correlation analyses for the corresponding precipitation scenarios. To calculate auto-correlation r k of the order k (i.e. distance between data points) we used the formula (Chatfield 1984) 
where
and N is the total number of data in the precipitation scenario, x is the particular data value, t the position of the particular data and c 0 gives c k for k =0.
Sensitivity analysis: results, discussion and realism of the model
We conducted a series of sensitivity analyses to estimate the vulnerability of the model to uncertainties in parameter values and thus, to estimate the capabilities of the model.
Demographic parameters
As expected, we found the model to be mostly sensitive to changes in demographic parameters concerning survival and reproduction (Table 1 ). First, we tested parameters impacting the reproductive life span and thus the potential for recruitment. The model was highly sensitive to parameters for adult survival rate, as well as age of maturation and senescence parameters. Although maximum age also affects the reproductive life span we found its impact on recruitment rate to be very low, as more than 99% of all individuals die before reaching the maximum age. As a consequence, the model was insensitive to changes in maximum age. Secondly, we tested the sensitivity to parameters that determine the proportion of individuals taking part in reproduction. As expected, we found high sensitivities to juvenile survival rates, to the fraction of breeding pairs out of all pairs, as well as to the sex ratio. Here, the sensitivity of sex ratio might be somewhat surprising. However, as raptors are considered to be monogamous, any slight change of the sex ratio results in fewer possible breeding pairs and in lower reproduction.
Thirdly, we tested model sensitivity to a parameter for the fraction of clutches with two offspring out of all clutches. This parameter directly impacts recruitment, and the model should be highly sensitive to it. Nevertheless, the sensitivity to this parameter was low, as two offspring from one tawny eagle's nest is very rare and the parameter default value was only 0.01. We investigated model's sensitivity to a parameter variation of only 10% (see above and Table 1 ) and thus the absolute change in the value is effectively very low, i.e. only 0.001. Hence, the parameter value lies out of the sensible range. If a tawny eagle raised two offspring much more often (for example, half of all clutches, i.e. 0.50) the model would be more sensitive to a 10% modification of this parameter (i.e. an effective modification of 0.05). However, this would be unrealistic as even in a highly productive floodplain, only 0.13 clutches produced two offspring (Osborne 1982) .
Fourth, we investigated the model's sensitivity to the carrying capacity. As expected, we found high sensitivity to the number of available territories since this parameter yields the carrying capacity of the density dependent population. The model was not sensitive to the number of individuals at simulation start since T m does not consider initial conditions (compare Wissel et al. 1994) .
We then considered parameter quality, i.e. the quality default values of parameters according to the underlying data basis, in combination with sensitivity. Two combinations, good parameter quality but high sensitivity, and bad parameter quality but low sensitivity, avoid biasing model results (Burgman et al. 1993) . As a third combination, in Table 1 we find parameters with high sensitivity but only intermediate parameter quality, in particular the juvenile, adult and senescent survival rate. These parameters may cause a bias in the quantitative results of the model. Nevertheless, we have confidence in our model for the three following reasons. First, the model reproduces some patterns observed in the field (see below: ''Evaluating the realism of the model''). Secondly, the lack in parameter quality of survival rates is due to data observed in other species that nevertheless are ecologically very similar (e.g. Bateleur Teratopius ecaudatus, Brown and Cade 1972, for ecological similarity see Smeenk 1974) . Furthermore, other parameter values are set according to the most current information based on data from tawny eagles and similar species and on the expertise of ornithologists. And finally, our aim is not -and could not be -to give a precise estimate of time to extinction or percent probability of extinction, but to compare the resulting extinction risks under various conditions and estimate their relative impact (see introduction). Assuming that the bias introduced through the use of uncertain parameter values is constant across scenarios should not affect our comparative results. Consequently, we claim that the utilities of the model for our goals remain unaffected by parameter quality and sensitivity.
En6ironmental parameters
After performing the sensitivity analysis for demographic parameters, we then examined the model's sensitivity to environmental parameters, specifically the sensitivity to the rainfall scenario. Note that we refer to the terms ''replicate runs'' and ''T m computation'' as defined under output parameters.
We found a high sensitivity of the model to the rainfall scenario when keeping it constant for all replicate runs within the same T m computation. Here, extinction times of replicate runs within the same T m computation were often similar. However, resulting T m values among various T m computations (using different rainfall scenarios) differed significantly (p =0.05, n = 11, Bonferroni multiple range test). These results indicate that model results depend on the specifics of the rainfall scenario. Consequently, under these conditions, model results, i.e. T m , depend in fact on the rainfall scenario used.
In contrast we found low model sensitivity when rainfall scenarios were chosen randomly for each of the replicate runs. Here, extinction times of replicate runs within the same T m computation differed widely. However, resulting T m values among various T m computations showed no significant differences (p = 0.05, n= 11, Bonferroni multiple range test). By varying the rainfall scenario for replicate runs within the same T m computation, we were able to average out the stochastic differences among rainfall scenarios. Here, model results, i.e. T m , are not biased by the choice of the rainfall scenario.
This implies that providing randomly differing rainfall scenarios for each replicate run of the same T m computation avoided any bias that would have been introduced by using a particular rainfall scenario. For our simulation experiments, consequently, rainfall scenarios for replicate runs were not constant but were chosen randomly from a mixture of rain scenarios that differed in data stochastically but were constant in descriptive features like mean annual precipitation, inter-annual variation and auto-correlation.
E6aluating the realism of the model
In previous sections of this paper we have described our model in detail and evaluated its sensitivity. Nevertheless, as a final snag one might argue: How realistic is the model? First, we have to clarify that a realistic model is not ''truth''. Instead a realistic model needs to include the processes and parameters impacting the outcome of the question asked by the underlying study, i.e., a model has to meet its purpose (Starfield 1997 , Wiegand et al. 2003 .
A good way to validate ''model realism'' is to test for the ability of the model to reproduce data (or patterns) observed in the field that have not been previously put into the model (Burgman et al. 1993) . Thus, the ''pattern oriented'' approach is propagated by recent publications , Grimm and Berger in press, Wiegand et al. 1998 . Unfortunately, strong patterns, such as time series of field data giving the total population size, are scarce for most long-lived animal species, in particular for predators, such as the brown bear (Wiegand et al. 1998 ) and large raptors.
However, in the case of the tawny eagle we can provide some soft measure of goodness. First of all, population densities as predicted by the model (150 to 200 individuals) are in realistic ranges as derived from field studies (Herholdt et al. 1996 , Kemp et al. 2001 . A further pattern is the average adult life expectancy: in the model this output value is influenced by several stochastic processes and thus is a cumulative measure integrating the consequences of several model inputs (juvenile, adult and post-adult survival, as well as maximum age). Nevertheless, model predictions of the average adult life expectancy (17.5 years) agree well with available field data (16 years, Brown et al. 1982) . As a third point, we can assume the sex ratio to be independent of extrinsic parameters and thus, in the field, it should evolve to the optimum value. For one scenario of the model we varied sex ratio independently of other parameters determining the value that delivered the highest T m . Here again, model prediction and field observation do coincide, both being a 50:50 ratio. Further independent patterns for model validation would be desirable, however, the given structural realism of the model and the more general, theoretical question of this study make our model a suitable tool to improve our principle understanding of climate change consequences on the population level.
Moreover, we emphasize that the question asked by our study is not to predict the fate of a specific population or to estimate the extinction risk for the current situation. Instead, this study aims to explore the influence of a modified environment on this extinction risk, i.e. the impact of different precipitation patterns on the persistence of the tawny eagle population. Consequently, the main factors that our model has to include are the essential features of tawny eagle population dynamics (such as mating, breeding performance and life expectancy; see model description) and the link between precipitation and population dynamics Howells 1989, 1990 , this study). As demanded by Coulson et al. (2001) our individualoriented model considers age and sex structure of the population. Tawny eagles in southern Africa have been studied for many decades by several scientists including one of the authors of this study (Dean 1969 , Dean and Milton 1988 , Dean et al. 1997 . The model used here was developed in close co-operation between modellers and ornithologists with long-term and extensive experience in the field. Hence, our model includes the best available knowledge, and we claim that it does capture the essential features of tawny eagle population dynamics (Fig. 1, model description) and thus is structurally realistic in the sense of Grimm and Berger (in press ).
Results of simulation experiments
With our default parameter set (Table 1 ) and a set of original precipitation scenarios produced by the rain generator (Zucchini et al. 1992) we obtained a T m of 735 years. However, we standardized all following values for T m to this default value, as our aim was to compare T m under different (environmental) conditions.
a) Modified annual mean
We modified the rainfall scenarios for the model simulations by lowering mean annual precipitation, since this is predicted to occur for southern Africa. Decreasing the mean annual precipitation resulted in a lower T m (Fig. 2a) . Remarkably, the model results are extremely sensitive to mean precipitation, with a decrease of 2% ( − 5 mm) in mean annual precipitation cutting T m in half, a 4% decrease ( − 10 mm) reducing T m by two thirds and a 10% decrease ( − 25 mm) forcing the T m down by nine tenths, which approached the life span of only a few generations. In contrast, an increase of mean precipitation by 2% ( + 5 mm) doubled the value of T m and larger changes increased T m far above our time horizon.
b) Modified inter-annual 6ariation (CV)
In a second set of experiments, we examined the effects of changes in inter-annual variation (CV) in precipitation, another factor likely to be impacted by climate change. We found that T m for tawny eagles was very sensitive to modifications of CV, with an increase in CV lowering T m (Fig. 2b) . Increasing the default CV of 0.325 by 10% (to 0.357) resulted in a T m decreased by one third, and a severe increase in CV by 50% (to 0.487) reduced T m by three quarters. On the other hand, decreasing CV by 20% (to 0.260) doubled T m . Although the model is very sensitive to the CV, it does not show the extreme sensitivity seen in changing the mean annual precipitation. 
c) Modified auto-correlation (noise color)
Climate change studies assume changes in the autocorrelation of rainfall amounts, i.e. similar precipitation for successive years. We found that increasing autocorrelation of rainfall data led to a decrease in T m and a decrease in auto-correlation resulted in increased T m (Fig. 2c) . However, the impact of AC on T m appeared to be much lower than the impact of the mean or CV. Even under severe decreases in AC, T m increased by a factor of only 1.4 and it decreased by a factor of 0.4 when AC was severely increased. The curve shows a linear relationship over a wide range of intermediate values for AC, but tends to reach an asymptote at extreme AC values close to 1.0 and −1.0.
d) Periodically fluctuating rain scenarios
In a final experiment we produced three different patterns of periodicity in the rainfall scenario. For each pattern we varied the period length of the fluctuations. There was a general decrease in T m with increasing period length for all three scenarios. However, at very short period lengths there was a slight increase in T m, again in all three scenarios (Fig. 3a) .
We also measured the probability of populations falling below a threshold of 30% of their carrying capacity, i.e. the state of sparse population as defined earlier. For short period lengths we found sparse populations to occur less frequently but to occur more frequently for high period lengths when compared to non-periodic environments. This suggests that an environment fluctuating in short period lengths favors population persistence.
Discussion
In this paper we investigated the influence of climate change driven modifications in precipitation on population persistence of raptors in arid savanna using the tawny eagle as a case study. We found that changes in various aspects of precipitation pattern should have intermediate and high impacts on population persistence. According to predictions of future climate change we expect rather unfavorable conditions for arid savanna raptors and a decreased probability of population persistence.
Population persistence under climate change
Studies of climate change suggest modifications in several features of precipitation patterns, such as mean, inter-annual variation (CV) and auto-correlation (IPCC 2001b, see also Katz and Brown 1992 , Matyasvszky et al. 1993 , Hennessy et al. 1997 . In this study we explicitly investigated the impact of these features of precipitation patterns on the population persistence of an arid savanna raptor species and found the long term mean precipitation to have the most impact on T m .
Our results indicate a severe decrease in population persistence for only slightly decreasing mean annual precipitation but increasing population persistence with increasing mean (Fig. 2a) . For climate change in southern Africa, a decrease in mean precipitation by 10% is expected by the year 2050 (IPCC 2001a) . For this scenario our results suggest a dramatically increased extinction risk, i.e. a T m decreased by nine tenths, for the tawny eagle population. The quantity of this model result might be biased in two ways. First, a few extremely long lived individuals might arbitrarily extend population persistence as long lived individuals have higher impact on shorter extinction times. Quasi extinction, i.e. the cessation of reproduction, might however occur even earlier. Second, the population might be buffered by a high initial number of individuals, i.e. far above carrying capacity, because carrying capacity declines when environmental conditions become less favorable. T m is independent of initial conditions but only gives the time that populations persist once carrying capacity is reached (Wissel et al. 1994 , Stelter et al. 1997 ). Indeed, we measured an increase in population persistence when taking the initial population into account. Both of the biases discussed here have minor quantitative effects and do not impact our projection of a dramatically increased extinction risk due to climate change.
Although the model appears to be less sensitive to the inter-annual variation (CV) than to the annual mean, changes in CV of precipitation still cause severe effects in T m and the extinction risk of tawny eagles. Here, population persistence decreases with increasing interannual variation but increases with decreasing interannual variation (Fig. 2b ). An increased inter-annual variation is characterized by more and/or strongerfavorable and unfavorable -extreme events. However, due to limits placed on the population by the carrying capacity, extremely favorable events have a limited positive impact on the population, whereas extremely unfavorable events have a full negative impact and can easily bring the population close to extinction. Climate change driven modifications in inter-annual variation are emphasized by several authors (Katz and Brown 1992 , Hennessy et al. 1997 , Karl and Knight 1998 and suggest that variation will increase (Matyasvszky et al. 1993) . Thus, our results again imply lower persistence for arid savanna raptor populations under climate change. To our knowledge, climate change studies can not yet quantify changes in inter-annual variation in local precipitation. However, our study suggests a very sensitive response by raptor population dynamics to any change in the variability of the precipitation variation among years.
Under climate change, the probability for occurrence of extended dry and wet periods will most likely change, which is equivalent with modified autocorrelation Brown 1992, 1994) . Fig. 2c shows increased population persistence for negative autocorrelation (i.e. when dry and wet years alternate) but decreased population persistence for positive autocorrelation (i.e. when similar conditions occur in successive years). Both the projection and the recent observation of heavy rain events and severe droughts (Hennessy et al. 1997, Karl and Knight 1998) intuitively may imply similar precipitation in successive years, i.e. positive auto-correlation. However, the underlying investigations refer rather to CV than auto-correlation. Thus, up to now we have little indication in which direction auto-correlation will develop under climate change, and both positive and negative impact on population persistence seem to be possible. For intermediate modifications in auto-correlation our results indicate rather moderate impacts on tawny eagle population persistence. Thus the effects of a modified autocorrelation on population persistence might be masked by the negative but highly sensitive effects of decreased mean values and/or increased CV.
Periodically fluctuating precipitation
Closely related to increased auto-correlation, where periods of dry conditions alternate with periods of wet conditions, is the idea of precipitation amounts fluctuating periodically over time (Kot and Schaffer 1984, Li 1992) . For periodically fluctuating environments, autocorrelation differs from zero but in addition monotonic trends occur, i.e. data increase or decrease steadily over short time intervals. Our results indicate that, depending on the period length, T m was very different (Fig.  3a) . In general, populations on average died earlier with increasing period length due to the increasing accumulation of years with low precipitation at one end of the period (descending - Fig. 3d ) or both (saw-tooth and cog-pattern - Fig. 3c, e) . These accumulations of unfavorable data lead to extended periods where reproduction is low, individual numbers decrease steadily and populations stay far below carrying capacity (Fig. 3b) , resulting in stochastic extinction and decreased population persistence.
For short periods we found increased population persistence (Fig. 3a) . Here, auto-correlation is low or even negative, and both favorable and unfavorable environments occur periodically, alternating within short time intervals (i.e. frequently and regularly but not successively), and precipitation tends to be evenly distributed over time. Consequently, short periods systematically avoid long, unfavorable phases during which the population could be destabilized and would be prone to higher extinction risk. On the other hand, regularly and frequently occurring favorable data support population persistence close to carrying capacity (Fig. 3b) . Thus, small scale periodicity in the environment leads to weaker fluctuations in the population. In other words, a set of given precipitation data is optimally arranged over time when fluctuating in short periods to favor population persistence.
For different patterns of periodical fluctuating environments, we found the same quality of the T m -period length-relationship, i.e. T m first increased slightly but then decreased considerably with increasing period length, whereas the quantity differed slightly among patterns (Fig. 3a) . In the frame of this study we renounce to discuss variation among periodical patterns since no shape is suggested by climate change studies (but we address this in a following study).
Extinction theory
The parameters of the precipitation scenarios investigated during this study are general features of time series and environmental noise. Their influence on extinction risk of populations was investigated earlier in extinction theory (Roughgarden 1975 , Ripa and Lundberg 1996 , Johst and Wissel 1997 , Kaitala et al. 1997 , Cuddington and Yodzis 1999 and our results show qualitative consistence with this theoretical framework. Nevertheless, for any particular species and situation specific models are needed to give specific answers. Laakso et al. (2001) emphasized the importance of explicitly considering the biological process that filters the environmental noise, i.e. the transformation of environmental variation into biological variation, as our model does by transforming precipitation into breeding success. The case of periodical fluctuating environments has not yet been investigated in extinction theory and we cannot evaluate these results. Instead we address this question in a following, more theoretical study.
Escaping in space?
In this study we used a non-spatial simulation model and thus, spatial differences in the precipitation pattern were not taken into account. The movements of raptors to highly productive areas where high density of individuals may congregate have been observed (Brooke and Steyn 1972 , Jensen 1972 , Liversidge 1994 . This suggests that raptors may escape in space by avoiding unfavorable precipitation patterns but applies only to non-breeding individuals. Breeding birds are committed to their investment in the nest and parental care of their young, and unlikely to move opportunistically. There are two points against higher breeding success due to accumulation in highly productive areas. First, choosing a territory in an area with above average productivity seems to be difficult as territories are established before the breeding season and the prey density is not known in advance. Second, raptors defend breeding territories against individuals of the same and other raptor species (Newton 1979 , Steyn 1983 ) which would be almost impossible under high raptor densities and consequently would not allow breeding. Thus, breeding success is not likely to increase when taking spatial pattern into account.
Other studies on impact of climate change on population dynamics of particular species
Studies that address the question of how life will be impacted in a world of climate change may differ in the scale of the biological systems that are investigated (e.g. particular populations, species, species groups, communities or whole ecosystems). These studies can be separated, according to their approach, into at least four groups. First, there are observational studies in the field assuming that climate change is already taken place and we can currently observe the effects on plant communities and animal populations (Clark 1990 , Balling et al. 1992 , Moss et al. 2001 . Secondly, there are field and greenhouse studies that simulate the predicted climate change effects (e.g. elevated CO 2 concentrations) on single species and communities of plants or soil microbes (Kirschbaum 1995 , DeLucia et al. 2001 , Hu et al. 2001 , Joel et al. 2001 but not on animal populations, probably due to limited constraints for experimental design. Thirdly, results in extinction theory (Roughgarden 1975 , Ripa and Lundberg 1996 , Johst and Wissel 1997 , Cuddington and Yodzis 1999 contribute knowledge on population persistence in changing environments, but their application to different situations and species has to be investigated in particular. Fourth, modeling studies simulating the effects of climate change on biological systems frequently focus on plant communities and vegetation structure but rarely investigate specific plant and animal populations (but see Reuter and Breckling 1999, Coulson et al. 2001) . Our study fits the last category and thus it increases our understanding of how climate change affects biological systems at the scale of populations and how this might impact species diversity and finally biodiversity. However, to understand life in a world of climate change we need all the approaches mentioned above, investigating the problem on different levels of biological systems. The results point in different directions; they suggest increased productivity on the one hand, but decreased population persistence on the other. But most of them agree that life will be considerably impacted by the effects of climate change.
Conclusion
Our study implies a new dimension for the impact of climate change on biodiversity exceeding our worst expectations. Up to now studies that investigated climate change effects have focused on changes in mean values of environmental parameters (Post et al. 1999 , Moss et al. 2001 . Our results, however, emphasize that not only mean values but also slight modifications in inter-annual variation of environmental parameters will have dramatic consequences for population persistence (Fig. 2b) . In other words, even when climate change does not result in modified mean values of environmental parameters, changes in variation among time units (e.g. years) might severely impact population dynamics, the composition of biological communities and finally biodiversity. Furthermore, even when data values do not change at all, auto-correlation and monotonic trends in temporal succession of data can be important and may impact population persistence.
The results of this study suggest a great impact of the future rain scenario on population persistence of raptors in southern African arid savanna. We can expect high sensitivity of raptors to modifications in the precipitation pattern. As our results indicate, most of the projected climate change driven modifications in precipitation will lead to a decrease in the population persistence of raptors in arid savannas. We suggest that more studies are needed that explicitly investigate climate change effects on particular populations in order to form a picture of population persistence and biodiversity in a world of climate change.
